ABSTRACT. Remodeling of uterine endometrial extracellular matrix (ECM) is pivotal to successful implantation and placentation, and has been well described in the rodents and humans. However, bovine endometrial ECM remodeling is still vaguely defined, especially at the time of implantation. Therefore, this study investigated the distribution of four ECMs namely, types I and IV collagen, laminin and fibronectin, from days 0 to 30 of gestation in bovine endometrium by immunofluorescence microscopy. A change in the distribution pattern of ECMs was evident by day 14 of gestation as features at this stage were clearly different from those of day 14 of the estrous cycle. The immunoreactivity of type I collagen, fibronectin and laminin decreased from day 14 of gestation and was obscured by day 24 of gestation. The type I collagen fibers formed were of thinner consistency than those of the estrous cycle and showed a coarser meshwork within the epithelium sites during the implantation period. In addition, the type IV collagen and laminin immunoreactivities of epithelial basement membrane also remarkably declined at exactly the same time. By day 30 of gestation, the four ECMs had regenerated with the formation of the placentome. In conclusion, this study reveals that remodeling of ECM is essential for the successful establishment of pregnancy in the bovine.
Gestation is achieved through an array of events that include fertilization, attachment, implantation and placentation. Implantation and consequent placentation are important processes for the success of gestation as remarkable changes occur between the conceptus and uterine endometrium [13, 15, 28, 30] . In the cow, the elongation of the conceptus starts around two weeks after fertilization and it first attaches to the endometrium at about three weeks of gestation [30] . Consequently, the cotyledons first appear over the caruncular area around day 30 of gestation [16, 18] . Endometrial remodeling may start simultaneously with elongation of the conceptus. Although bovine placenta is defined as synepitheliochorial placenta, extracellular matrix (ECM) remodeling is indispensable for successful implantation as in humans and rodents [28, 29] . The four major macromolecules of ECM are collagen, proteoglycan, glycoprotein and elastin [5, 14] . Apart from the basic function of providing support to the cells, their additional roles include regulation of cell function, shape, growth, differentiation, proliferation, etc [14] . Some growth factors and cytokines, like basic fibroblast growth factor are trapped within them and are mobilized at the appropriate times for remodeling of the tissue [19, 27, 30] . Collagens, which are composed of three different subunits, depending on the family, are the major components of ECM as well as the most abundant protein in the tissue. There are about twenty different types of ECM with disparate functions. For example, type I collagen is distributed in all connective tissues except for the basement membrane, hyaline cartilage and support fibers [5] , whereas, type IV comprises the basement membrane and plays a role in scaffolding by forming a network similar to that of a mesh sheet [5] . In ruminants, the binucleate cells from the fetal trophoblast cells come into contact with the epithelial cells on the surface of the endometrium and fuse with them to form a syncytium. The only source of support at this particular time for both types of cells is the basement membrane. Notwithstanding this, the fusion leads to formation of trinucleate cells that finally develop to new binucleate cells [30] . During these remarkable changes, ECMs also need to modify their composition in response to implantation signal(s). Indeed endometrial ECM remodeling has been well documented in other species but has only been vaguely described in cattle [10, 27] . Therefore, in the present study, we examined the expression of type I and IV collagens, laminin and fibronectin in the bovine endometrium during early gestation using immunofluorescence microscopy.
MATERIALS AND METHODS

Animals:
A total of 20 Japanese black beef cows were used in this study on days 0, 6, 7, 13 (n=2), 14 (n=2), 20 of the estrous cycle (Day 0=estrus), and days 5, 6, 7, 13 (n=2), 14 (n=2), 19, 20, 24 and 30 (n=2) of pregnancy (Day 0=arti-ficial insemination). The data are summarized in Table 1 following classification of each stage according to previous reports [13, 30] : estrus and developmental stage of corpus luteum (CL) (day 0 to 6 of estrous cycle), luteal phase (days 7 to 13) and regressive stage of CL (days 14 to 20), early preimplantation (days 0 to 6, and days 7 to 13), preimplantation (days 14 to 19), implantation (days 20 to 24), and early placental development (days 25 to 30).
Tissue Preparation: Following slaughter of animals, the uteri were perfused with 4% paraformaldehyde (PA) in phosphate-buffer saline (PBS, pH7.4) via ovarian and uterine arteries immediately on collection. After perfusion, uterine horns were cut in cross-section of 10 mm thickness and fixed in 4% PA overnight at 4°C. These specimens were dehydrated in alcohol and xylene sequentially, and embedded in paraffin wax. Serial 5 µm sections were made using a rotary microtome (MICROM Laborgeräte GmbH, Heidelberg, Germany) and put on either poly-L-lysin coated or non-coated slides (Matsunami, Tokyo, Japan), respectively.
Histological Detection: The sections were stained with Hematoxylin-eosin and Heidenhain's azan for histological examination. For azan staining, deparaffinized sections were stained in 1% Azocarmine G (Wako, Osaka, Japan) solution containing 1% glacial acetic acid for 60 min at 60°C, then washed in distilled water (DW). Sections were later differentiated in 90% alcohol containing 0.1% aniline (Wako, Osaka, Japan) until the nuclei stood out. They were further rinsed in 96 % alcohol following by fixing 1% acetic acid. Sections were then stood in 5% phosphotungstic acid solution (Wako, Osaka, Japan) for 3 hr, rinsed in DW, and stained in 2% glacial acetic acid containing 0.5% aniline blue (Wako, Osaka, Japan) and 0.5% Orange G (Wako, Osaka, Japan). After washing in DW, sections were finally differentiated in 96% alcohol. Collagen fibers and colloidal material were stained blue, while the nuclei either appeared orange or red.
Antibodies: Primary antibodies for ECM detection used in this study were as follows: rabbit anti-bovine type I collagen (LB-1197, LSL, Tokyo, Japan), rabbit anti-bovine type IV collagen (LB-1407, LSL, Tokyo, Japan), rabbit antimouse laminin (LB-1013, LSL, Tokyo, Japan) and rabbit anti-bovine-fibronectin (YU-B004, Yagai, Yamagata, Japan). Primary antibodies were diluted 1:500 (anti-type I and IV collagens) or 1:200 (anti-laminin and fibronectin) with PBS containing 10% normal goat serum. The secondary antibody used was fluorescein isothiocyanate (FITC) -conjugated goat anti-rabbit IgG (R102, Leinco Technologies Inc, St. Louis, U.S.A.) which was diluted 1:200 with PBS containing 10% normal goat serum.
Immunofluorescence Detection: For the detection of the four ECMs, the deparaffinized sections were treated for 30 min in PBS containing 0.05% protease (P-6911, Sigma, St. Louis, U.S.A.) at 37°C and then rinsed in PBS. Non-specific antibody binding was minimized by treatment with 10% normal goat serum for 20 min, followed by incubation with each specific antibody overnight at 4°C. After rinsing, the sections were incubated with the secondary antibody for 60 min at room temperature. Subsequent to rinsing in PBS, the sections were mounted in Vectashield mounting medium (Vector Laboratories, Burlingham, U.S.A.). Tissues were assessed using a photomicroscope (ECLIPSE E800, Nikon, Tokyo, Japan) equipped with an epifluorescence illuminating system (HB-10103AF, Nikon, Tokyo, Japan). Photomicrographs were shot on Fuji Provia (Fuji, Tokyo, Japan) ISO 1600 color reversal film, using the same exposure times. (Fig.  1e ). These changes were found only in the caruncular area but not in the intercaruncular region. The ECM fibers of the endometrial stroma swelled and dispersed, especially, the fiber layer under the epithelium that was obscured by the degradation of the epithelial cells (Fig. 1e) . On day 30 of gestation, although the fetal chorion was in close contact with the epithelium on the caruncule and intercaruncule, placentome formation was only found in the caruncular region ( Figs. 1g and h ). Within the placentome, the trophoblast cell layer pushed into the endometrium and formed a fret structure (crypt) in the caruncule (Fig. 1h) . The surface of the crypt was lined with epithelium-like cells that appeared uniform (Fig. 1h) . The crypt consisted of welldeveloped ECMs, capillaries and fibroblast-like cells. The intercotyledonary trophoblastic region and intercaruncular endometrium were smooth, and the intercaruncular endometrium had openings of the uterine glands and continuous epithelium from these glands covered the stroma that was enriched by ECMs, blood vessels and fibroblastic cells.
RESULTS
Histological
Immunofluorescence Detection: Results are summarized in Table 1 . Type I collagen that is depicted as compact fibers with dense staining, occupied all areas of the endometrial stroma and its expression was quite stable during the estrous cycle (Fig. 2a) as well as during the early preimplantation period (day 0 to 13). Its fibers were well developed and formed a uniform dense structure underneath the epithelium. By day 14 of gestation, this layer became loose and showed a rough appearance associated with a mesh network. Its fibers were thin and staining intensity declined (Fig. 2b) . On day 24 of gestation, immunofluorescence reactivity of type I collagen markedly decreased in the stroma beneath the epithelium (Fig. 2c) . In some caruncular areas, it was difficult to detect any immunoreactivity of type I collagen (Fig. 2d) . On day 30 of gestation, the type I collagen fibers had distinctly regenerated in the caruncular stroma. Within the placentome, much more development of type I collagen fibers was detected in the maternal crypts and stable immunofluorescence reactivity was found in the cotyledon (Fig. 2e) . Type I collagen richly occupied the intercaruncular stroma (Fig. 2f) .
Type IV collagen was located beneath the epithelial cells and detected as a scaffold in the basement membrane during the estrous cycle and day 14 of gestation (Figs. 3a and b). On day 24 of gestation, the immunofluorescence reactivity of type IV collagen declined with the implantation process (Figs. 3c and d) . On day 30 of gestation, the type IV collagen present in the basement membrane was distinguished by its thickness and dense staining in the caruncular and intercaruncular endometrium. Strong immunofluorescence reactivity was found in the chorionic basement membrane and that of uterine glands in the intercaruncular endometrium (Figs. 3e and f) .
Laminin was found in the basement membrane of epithelial cells and also in the vascular basement membrane during the estrous cycle and early preimplantation (day 0 to 13) (Fig. 4a) . On day 14 of gestation, the immunofluorescence reactivity of laminin decreased in the vascular basement membrane. However, its reactivity in the epithelium and basement membrane was stable during the preimplantation period (day 14 to 19 of gestation) (Figs. 4a and b) . On day 24 of gestation, laminin immunoreaction decreased in the endometrial epithelial cells, as well as, the vascular basement membrane of the caruncule. Specifically, very faint staining was found in caruncular area (Figs. 4c and d) . On day 30 of gestation, laminin reappeared in both maternal and fetal tissues. In the caruncular area, laminin expression was found in the basement membrane of epithelial-like cells in the maternal crypts. In the chorion, the trophoblastic basement membrane also had strong staining (Fig. 4e) . In the intercaruncular area, laminin was also localized in the basement membrane of the endometrial epithelial cells, blood vessels and uterine glands (Fig. 4f) .
Fibronectin was found in the endometrial stroma during Crypt of endometrium included well-developed fibers. E; uterine epithelium. S; stroma. T; trophoblast. CAR; caruncule. ICAR; intercaruncule. Bar=500 µm (low magnification photos), 100 µm (high magnification photos) and 50 µm (insert photo in f).
the estrous cycle and preimplantation (day 0 to 19) (Fig. 5a ). On day 24 of gestation, the fibronectin immunoreactivity decreased in the epithelium and stroma of the caruncular area, but immunoreactivity was found in the intercaruncular area, especially in the epithelial and trophoblast cells ( 
DISCUSSION
We examined the expression of type I and type IV collagens, laminin and fibronectin in bovine endometrium during the implantation period because ECM remodeling is essential for successful implantation and placentation. Asynchrony between embryo development and uterine receptivity either results in implantation failure or early embryo loss. Our results indicate that the immunofluorescence reactivity of collagens was stable and localized within the stroma during the estrous cycle, however, their immunoreactivities remarkably declined around implantation. Interestingly, the reconstitution of collagens and other ECM occurred following completion of implantation.
In ruminants, the morphological changes in the endometrium at implantation have been demonstrated by several authors [10, 18, 26] . They showed that the thin uterine epithelium comes directly into contact with the trophoblast at day 22 of gestation in sheep [10, 18] . King et al. [18] described that the contact between the epithelium and trophoblast appeared at day 21 of gestation and that cuboidal maternal epithelial cells with lipid droplets appeared at day 29 of gestation in the cow. The uterine epithelium adhered to the embryonic trophectoderm and subsequently established an interdigitation of microvilli between the epithelium and trophectoderm [30] . These previous results are confirmed in the present study. The endometrial epithelium became either flat or disappeared during implantation, and a reformed epithelial-like cell layer covered the maternal crypts during placentation. Neither the origins nor inference of the epithelial-like cells of the maternal crypts were sufficiently investigated in the present study. However, our results indicate that the regeneration of uterine epithelium is essential for feto-maternal interactions, such as respiration, nutrition, hormonal regulation, immunologic relationship and other things, during pregnancy in cows.
Type I collagen, which is the major component of ECM, commonly has a heterotrimeric form comprising of two α1 (I) chains and one α2 (I) chain [5, 14] . Functionally, type I collagen is a large fibrillar protein with structural supportive properties [5, 14] shown in in vitro studies to be capable of rapidly stimulating vascular tube formation [15] . Previous reports have described the dynamic changes of type I collagen during implantation and placentation [3, 9] . During implantation and placentation, type I collagen fibers, which are lost on the formation of primary decidual tissue, are regenerated during the development of the secondary decidual zone in rats [3] . In the goat, though, type I collagen was distributed diffusely throughout the uterine stroma during pre-implantation; a dynamic loss of stromal type I collagen was found in the epithelium and stromal capillaries during implantation, and the integrin β1 subunit was also reduced simultaneously [9] . In this study, type I collagen was found sparsely in all areas of the endometrium, and its expression was rather intensive below the epithelium on day 14 of the estrous cycle. The expression pattern of type I collagen was confirmed as identical to that of previous reports [2] . Fibronectin binds to a number of biological macromolecules including heparin, types I, II, II and V collagens, the fibrin and integrin family, and regulates many functions of the cell such as growth, differentiation, shape, migration, etc. [12, 14] . In the bovine estrous cycle, fibronectin was distributed diffusely throughout the endometrial tissue, and integrin β1 subunit was present in the endometrial stroma [17] . The bovine placentome is composed of an interdigitation of cotyledonary and caruncular villi, and the rich vascular system and the majority of types I and III collagens are localized within the maternal villi [25] . The present study demonstrated that there was a parallel decrease in the expression of type I collagen and fibronectin during the early implantation period and that the feature of collagen fibers remarkably changed from thick and dense to thin and rough. The abrupt fluctuation of type I collagen and fibronectin indicates a principal role in endometrial remodeling during the peri-implantation period, since their changes coincide with the progress of implantation. These results suggest that initiating regeneration of type I collagen and fibronectin sustain the formation of maternal crypts for feto-maternal interaction during placental development.
The type IV collagen and laminin constitute customarily the basement membrane of epithelium, blood vascular vessels and various kinds of gland [5, 25] . The structure of type IV collagen is expressed as a network of mesh sheets and serves as multiple cell-binding sites. The laminin molecule is composed of a disulfide-bonded heterotrimer containing three non-identical chains designated α, β and γ, which interact with type IV collagen. Laminin also interacts with entactin and heparan sulfate proteoglycan which assist cells to bind to ECMs and play a role in cell proliferation and differentiation [6] . The role of laminin in implantation may depend on the placental structure. In the pig, no modification of the basement membrane composition was noticed during implantation [21] . In the goat, lack of type IV collagen and laminin was noted in the basement membrane of the luminal uterine epithelium adhering to the trophoblast and around the blood capillaries. The failure of ECM expression in the subepithelial stroma was also found [9] . These results could be interpreted as a modification of the composition of basal lamina rather than its destruction during implantation [9] . In the rat, expression of laminin was associated with the differentiation of cells during primary decidual formation [3] . In the mouse, the expression of laminin B2, type IV collagen α1 and α2 mRNA increased remarkably during placentation [6] . In the present study, the expression of type IV collagen and laminin decreased during the implantation period, and they were reconstructed in the maternal crypts soon after this period. This result agrees with that of Boss [2] . These dramatic events commonly occur in ruminants [9] . These findings reveal that the degradation and reconstruction of type IV collagen and laminin are a necessary process for the regeneration of uterine epithelial cells, increase of blood vessels and differentiation of trophoblast cells with the development of maternal crypts and fetal cotyledons in cows. Proteinases like matrix-metalloproteinases (MMPs) and cytokines are likely required for these rapid and distinct ECM remodeling events [4, 7, 8, 11, 20, 22, 23, 27] , however, further studies are needed to verify the mechanism of remodeling in bovine implantation and placentation, because there are a few reports of MMP activity during implantation in ruminants [24] . In the mouse, MMP-2 participated in the early phase of decidualization which is a prerequisite for placentation, and MMP-9 and TIMP-3 regulated trophoblast invasion of the uterine wall [4] . In humans, it was reported that MMP-2 and -9, and their inhibitors are expressed by specific cells in the early and late placental bed and villi [23] . The coincidental expression of the proteolytic MMP-9 and inhibitors, TIMP-1, -2 and -3 generally in the same cells suggest that the activity of MMP-9, that is regulated by TIMPs, plays an important role in placental tissue organization, as well as in the invasion of trophoblast cells into the uterine wall [27] . ECM remodeling may be essential for ruminants including cows, not only in the structural changes observed in the endometrium but also in the release and/or activation of cytokines as ECMs aid several types of growth factors with glycoprotein configuration [1, 4, 7, 8, 11, 20, [22] [23] [24] . Notwithstanding this, ECMs expression as determined by immunofluorescence detection, revealed that their reactivity initially declined on implantation but increased in early placental development. However, no alteration was witnessed during the estrous cycle. These results suggest that endometrial remodeling is essential for implantation and placentation in bovine, and this remodeling process depends on mechanical and/or chemical signals from the embryo. Further study may give us a more accurate answer for the remodeling mechanism, including the relationship among MMPs, cytokines and ECMs.
CONCLUSION
This study investigated the distribution of four ECMs namely, types I and IV collagen, laminin and fibronectin, during early gestation in the bovine endometrium by immunofluorescence microscopy. The remodeling of endometrial ECMs, especially fluctuation of type I collagen and fibronectin during implantation might have a role stimulating fetal membrane and epithelial cell contact, and it may be an essential process for the establishment of pregnancy in cows.
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